Density functional calculations have been performed on four-coordinate kojate complexes of selected divalent metal ions in order to determine the affinity of the metal ions for the kojate ion. The complexation reactions are characterized by high energies, showing that they are highly exothermic. It is found that Ni(II) exhibits the highest affinity for the kojate ion, and this is attributed to the largest amount of charge transfer from the ligand to the metal ion. The Ni(II) complex has distorted square planar structure. The HOMOs and LUMOs of the complexes are also discussed. All complexes display a strong band at ∼1500 cm −1 corresponding to the stretching frequency of the weakened carbonyl bond. Comparison of the complexation energies for the two steps shows that most of the complexation energy is realized in the first step. The energy released in the second step is about one-third that of the first step.
Introduction
Kojic acid, a -pyrone derivative (C 6 H 6 O 4 ; 5-hydroxy-2-(hydroxymethyl)-4-pyrone), is a natural heterocyclic chelating agent found in fermented food. It forms stable, waterinsoluble chelates with metal cations such as Fe(II) and Cu(II) [1] [2] [3] . The chelates have reasonable hydrolytic stability, neutral charge, and significant lipophilicity [4] . Anions of kojic acid and its derivatives behave as bidentate ligands and coordinate to iron(III) via the carbonyl and phenolic hydroxyl oxygens [5] . Kojic acid is identified and quantitatively determined gravimetrically by the formation of characteristic light-green copper kojate crystals.
Besides its use for analytical purposes, the chelating ability of kojic acid plays a significant role in its antimicrobial, antifungal, and antineoplastic activities [6] [7] [8] . The in vivo studies of Mn(II) and Zn(II) kojic complexes proved them to be potential radioprotective agents against lethal doses of -irradiation in mice [9] . The polarographic, potentiometric, and zone electrophoresis investigations of chelates of Cd(II) with kojic acid have been reported [10] . Wiley et al. [3] synthesized and determined the magnetic susceptibilities of Cu(II), Ni(II), Co(II), Fe(II), and Mn(II) kojate complexes. The complexing behavior of kojic acid with Cu(II), Zn(II), Ni(II), and Co(II) has also been reported in dioxane-water media [11, 12] .
Due to their strong chelating ability, kojic acid and its derivatives play a strong role in Fe(III) and Al(III) overload pathologies. They also behave as tyrosinase inhibitors. Several experimental and density functional theory (DFT) studies on kojic acid complexes have been reported in the recent literature [13] [14] [15] [16] [17] [18] [19] . These include studies on complexes with several metal ions, including Be(II), Cu(II), Fe(III), Al(III), and Ru(III). The transport of the antidiabetic VO 2+ complex of kojic acid derivatives in the blood serum has also been investigated [20, 21] .
In view of the various applications of kojate acid complexes, we have investigated the metal ion selectivity of the kojate ion toward selected divalent transition metal ions. These metal ions are of importance in bioinorganic chemistry because of the abundance of their metalloprotein complexes. The selected seven metals (Scheme 1) are also the major pollutants of the environment. It is hoped that the understanding of the selective binding of these metals may ultimately lead to the development of methods for their successful removal from the environment.
Density functional methods comprise some of the reliable and precise theoretical methods suitable for studying transitional metal complexes. A practical approach is the use of the generalized gradient approximation (GGA), which gives good results at relatively low computational cost [22] . 
Computational Details
The DFT approach, using the GGA-PBE functional [23] in the DMol 3 code [24] [25] [26] [27] available from Accelrys Inc., was used for the calculations reported in this paper. A few of the metal ions (Mn(II), Co(II), and Cu(II)) represent open shell systems. Therefore, we performed unrestricted calculations on all complexes using numerical basis sets of double-quality plus polarization functions (DNP) to describe the valence orbitals. This basis set is the numerical equivalent of the Gaussian basis 6-31G * * , but is far more complete, leading to the reduction of the basis set superposition error (BSSE) [28] . The BSSE for the DNP basis set was found to be comparable with that for the much larger 6-311+G-(3df,2pd) Gaussian basis set, and the upper limit of the mean error for the DNP basis set in conjunction with the PBE functional due to neglect of BSSE is less than 1 kcal mol −1 [29, 30] . This is much smaller than the energy quantities involved in the various processes studied here and may therefore be neglected. The cores of the transition metal ions were modeled with DFT semicore potentials DSSP [31] , which are specifically designed for DFT functions rather than Hartree-Fock calculations. Charge densities were calculated using the electrostatic-potential (ESP) fitting method [32] . Bond orders were calculated using Mayer's procedure [33] , since the Mulliken method has well-known shortcomings because of the uncertainty in uniquely defining a charge-partitioning scheme [34] and the basis-size dependence of the calculated charge densities [35] . In a comparison of various LDA and GGA functionals for studying the bonding characteristics of the three isomeric copper(II) aminophenylhydroxamic acids, the GGA-PBE functional was found to perform best [35] .
Results and Discussion

Structures of the Complexes.
We have previously studied kojic acid and its anions [36] . Here, we have investigated the four-coordinate kojate complexes of the seven transition metal ions, Mn 2+ , Co 2+ , Ni 2+ , Cu 2+ , Zn 2+ , Cd 2+ , and Hg 2+ (Scheme 1). Out of these, Zn 2+ , Cd 2+ , and Hg 2+ are 10 ions ( 1 ), and hence there is no ambiguity in the spin state of their complexes, which are closed shell systems with singlet ground states. Copper is a 9 ion ( 2 ) and its complexes have doublet ground states. The situation becomes more complicated for Mn 2+ , Co 2+ , and Ni 2+ ions, which may exist in their complexes both in high spin and low spin states [22] .
Four coordinate complexes may have either square planar (cis or trans) or tetrahedral coordination geometries. Mn(II) can exist in low, intermediate, and high spin states, that is, doublet, quartet, and sextet. For Mn(II) complexes in the doublet state, all the geometries are distorted from their initial geometries, as shown in Table A1a (see Supporting Information available online at http://dx.doi.org/10.1155/ 2013/342783). The tetrahedral geometry is slightly preferred (by 0.7 kcal mol −1 ). In the quartet state, cis square planar is the preferred structure. For the sextet Mn(II) complexes, all geometries converged to distorted tetrahedral geometry. On the basis of the total energy for the Mn(II) kojate complexes of various multiplicities, the high spin sextet state is found to be the ground state.
For the doublet Co(II) complex, all initial geometries distorted to square planar, the trans isomer being more stable by 5.8 kcal mol −1 , but the quartet state prefers the tetrahedral geometry. The low spin doublet state is found to be the ground state. For the singlet Ni(II) kojate complex, the cis and trans square planar complexes maintain their geometry after optimization, whereas the tetrahedral geometry optimizes to cis square planar. Thus, the cis square planar geometry is the most stable structure for Ni(II) in the singlet state. For the triplet state, the initial cis square planar geometry changes to distorted tetrahedral, whereas the trans structure maintains its geometry, making tetrahedral the most stable structure for Ni(II) in the triplet state. This is less stable than the ground state singlet by 10.7 kcal mol −1 . The doublet Cu(II) kojate complexes prefer the square planar geometry, as evident from the optimization of the initial tetrahedral structure to trans square planar. Here, too, the cis isomer is slightly preferred.
In case of singlet Zn(II), Cd(II), and Hg(II) kojate complexes, the preferred geometries are distorted tetrahedral. In case of Hg(II), the coordination number of the metal also changes from 4 to 2. In these bicoordinated complexes, Hg(II) acts as a bridge between the two kojate ions. Hence, we infer that Zn(II) clearly prefers the tetrahedral geometry, but the larger Cd(II) does not show such strong preference, since the trans square planar structure is less stable by only 2.3 kcal mol −1 . In contrast to Cd(II) which is four coordinated, Hg(II) prefers to be bicoordinated. It is found to form mostly linear complexes owing to relativistic effects, which result in a large 6s-6p energy gap, limiting effective hybrid orbital formation to linear sp [37] .
The preferred multiplicities and geometries of the various complexes are summarized in Table 1 . We observe that, except Journal of Theoretical Chemistry for the metal ions having completely filled or half-filled dorbitals, the preferred geometry is square planar ( 4ℎ ). In a square planar field, the 3d orbitals of the metal are split into four levels, which are, in order of increasing energy,
The important feature of the splitting is that the 2 − 2 orbital goes to very high energy, as it is in the crowded molecular ( ) plane, resulting in strong electronic repulsion of the electrons of the metal and the ligands. Therefore, the most favorable configuration for forming square planar complexes is low spin 8 (Ni 2+ ), as there is further stabilization of a closed shell singlet over an open shell triplet state. The 9 (Cu 2+ ) and 7 (Co 2+ ) cases are not so favorable. According to the valence bond theory, the vacant 2 − 2 orbital can form hybrid orbitals with 4s ( 1 ) and two 4p orbitals { , } ( ), giving 2 hybrid orbitals. These vacant orbitals can accommodate electrons from the ligand.
For the majority of systems, that is, the completely filled 10 and half-filled 5 ones, the bonding is tetrahedral ( ).
The electron configuration of Zn(II) is 3 10 , and hence the ground state is singlet. It coordinates with ligands using the 4s and 4p orbitals in 3 hybrid orbitals. According to the valence shell electron pair repulsion (VSEPR) theory, tetrahedral configurations are favored for the Zn(II) four-coordinate complexes, as in [ZnCl 4 ] 2− . In this hybridization scheme, the relatively low energy 3 2 − 2 orbital is replaced by a higher energy 4 orbital, and hence charge transfer from the lowlying ligand orbitals is not so facile. For the other 10 systems (Cd(II) and Hg(II)), the situation is similar, except that Hg(II) prefers linear coordination. The preference for the high spin state for Mn(II) is easily understood on the basis of the higher stability associated with half-filled configurations.
Hence, for the zinc triad and Mn(II), we infer that the preferred geometries are tetrahedral, but the rest of the metal ions form square planar complexes with the kojate ion.
Complexation Energies.
Due to the preference for low spin multiplicities for all the metal complexes, except Mn(II), we confine further discussion to the low spin complexes of all the metal ions, except Mn(II), for which the high spin sextet is considered. Table 1 gives the complexation energies (see Appendix  Table A1 for complete data) of the kojate complexes of the metal ions, calculated from the expression
where complex is the computed energy of the complex, M 2+ is the energy of the metal ion, and kojate is the energy of the kojate ligand (−333863.8 kcal mol −1 Ni(II) appears to have the largest affinity for the kojate ion, followed by Co(II) and Cu(II). Amongst the zinc triad, the order of stabilities is Zn(II) > Hg(II) > Cd(II). The sequence of stability constants for complexes of various metal ions is expected to depend on the ionic radii and electronegativities 4 Journal of Theoretical Chemistry of the respective metal ions. The explanations of factors determining the specificity of metal ion uptake are also often based on quantitative or semiquantitative principles, such as the HSAB (hard and soft acids and bases) principle of Parr and Pearson [38, 39] , the Irving-Williams series of stability constants [40, 41] , and the abundance of transition metals coordination geometries in the experimentally determined molecular structures [42, 43] . The Irving-Williams order of stability constants for the divalent metal ions of the first transition series is Mn(II) < Co(II) < Ni(II) < Cu(II) < Zn(II). The complexation energies of the metal ion complexes, calculated in this work, follow the order:
This order can be explained on the basis of the HSAB principle. The ligand in question, kojate, contains negatively charged carboxylate oxygens, and is hence hard (according to the HSAB classification), and should not prefer the soft metal ions, Cd(II) and Hg(II). The binding affinity has been found to be largest for Ni(II) (violating the Irving-Williams order). The unusual stability of Ni(II)-kojate complexes is also apparent from the following arguments. Taking the 10 systems as a baseline (no crystal field stabilization), it is seen from the calculated stability order that there is extra stability for Cu(II), Co(II), and Ni(II). The crystal field correction increases to a maximum at Cu(II), before falling abruptly to zero at Zn(II) [44, 45] . Co(II), with a smaller crystal field correction than Ni(II), is expected to form stronger complexes than Ni(II), but the order found for kojate complexes is the opposite. Thus, there is a special affinity of the kojate ion for Ni(II).
Charge Population Analysis.
The ESP-fitted charges on the metal ion present in the respective kojate complexes are 0.950, 0.609, 0.265, 0.592, 0.889, 1.099, and 0.759, respectively, for Mn, Co, Ni, Cu, Zn, Cd, and Hg. It can be observed that the positive charge on the metal ion decreases from its value of +2 in the free state on coordination with the kojate ion. This indicates that electron transfer from the ligands to the metal ion occurs during the formation of the coordination bond. The charge transfer is largest for the Ni(II) complex and is least for Cd(II). This is consistent with Ni(II) forming the strongest complex and Cd(II) forming the weakest complex according to the complexation energies (Table 1 ). In fact, the complexation energies follow almost the same order as the charge transfer. Thus, the coordinate bonding is responsible for complex formation, where the mechanism is charge transfer from the ligand to the metal ion. The Mayer bond orders for the metal-chelate bonds are given in Table 2 , and Figure 1 gives the numbering scheme.
Considerable asymmetry in the bond orders can be seen, except in the trans square planar Co(II) complex, where the corresponding bond orders in the cis square planar structure are equivalent. The Zn(II) tetrahedral complex is also symmetrical. Table 3 displays the HOMO and LUMO plots for the various complexes. It is generally expected that the HOMOs of the complexes comprise the ligand orbitals and the LUMOs those of the metal. However, for Mn(II) we find that, except for the coordinating oxygens, there is hardly any contribution from the ligand in the HOMO. The LUMO, however, has more contribution from the ligand. This is because of the donation of electron density from the ligand to the metal ion, making the latter electron rich and leaving the ligand electron deficient. The same trend is repeated for the Ni(II) complex. The Co(II) complex has both the HOMO and LUMO centered on the metal ion. In the Zn(II) and Cd(II) complexes, the metal ion is neither present in the HOMO nor the LUMO, but the LUMO of the Hg(II) complex is centered on the metal ion. Thus, the metal complexes show a large variation in their frontier orbitals. Table 4 lists the metal-oxygen bond lengths in the various kojate complexes investigated in this work. The metal-ligand complexes show the same trends as before, that is, only the Co(II) and Zn(II) complexes are symmetrical; the others show considerable asymmetry.
Bond Lengths.
Vibrational Analysis.
The calculated vibrational frequencies and spectra for the complexes are given in the Supporting Information. All the spectra are characterized by a strong band at ∼1500 cm −1 , which corresponds to the carbonyl stretching mode modified by complexation to the metal ion. Table 5 lists the vibrational wavenumber and intensity of this band for each of the complexes. The smallest vibrational wavenumber for the Ni(II) complex signifies the greatest weakening of the carbonyl bond in this case owing to the larger charge transfer to the metal ion.
Stepwise Complex Formation.
To gain better insight into the relative affinities of the various metal ions, we considered the energetics of the various steps involved in the complexation process. The initial step is the deprotonation of kojic acid (HL) to its anion (L). The energy difference L − HL may be taken as the deprotonation energy for the gas phase reaction. The calculated value (360.8 kcal mol −1 ) is large. We now focus on the relative energetics for the forma- 
which is almost the same as that for the 1 : 2 complexes described in Section 3.2, with the exception that Cu(II) and Co(II) have exchanged their relative positions. The greatest affinity for Ni(II) is apparent from the first step itself. Interestingly, it may also be pointed out that, in general, about three-quarters of the overall exothermicity is produced with the entering of the first ligand molecule (e.g., for Ni(II) −515.6 over −698.1 kcal mol −1 ). The formation of the 1 : 2 complex is not thermodynamically favored (for Ni(II), the overall complexation reaction is endothermic by 10.5 kcal mol −1 ), since this entails a second deprotonation. A reasonable explanation for the generally greater metal-ligand binding energy of the 1 : 1 adducts comes from the comparison of the optimized structures. As shown in Table 6 , the 1 : 1 complexes have significantly shorter M-O bonds than the bischelate analogues (Table 4) , except for the case of the Ni(II) complex. Comparison with Table 2 for the bond orders confirms the same result; that is, the metal ligand bonding is stronger in the 1 : 1 complexes and weakens with the entry of the second ligand. The only exception is the Ni(II) complex, where the bond strengthens on addition of the second ligand, again confirming the strong affinity of this metal ion for the kojate ligand. For the other cases, the weakening of the metal oxygen bonds in the 1 : 2 complexes can be easily accounted for by the more effective positive charge of the M 2+ ion in the first step, which is not yet quenched by the presence of a preexisting chelating anion. The ESP charge on the metal ion in the 1 : 1 complexes is 1.196, 1.002, 0.860, 0.873, 0.951, 0.939, and 0.555, respectively, for Mn(II), Co(II), Ni(II), Cu(II), Zn(II), Cd(II), and Hg(II), showing that the positive charge on the metal ion is considerably reduced in the first step of the reaction itself, decreasing its affinity for the second ligand molecule. In this first step, the largest charge transfer is to Mn(II). However, for Ni(II), charge transfer from the ligand takes place in the second step also owing to its larger electrophilicity, whereas Mn(II) donates back some of its electron density to the ligand in the second step.
Finally, we also consider the HOMO-LUMO plots to see if they can give a clue to the greater stability of the 1 : 1 complexes. These are displayed in Table 7 .
In general, the HOMOs of complexes consist of the ligand orbitals and the LUMOs comprise the vacant metal orbitals. In the present instance, the HOMO plots are similar for all cases (i.e., they are the orbitals of the ligand), the only exception being the Ni(II) complexes, in which they are similar to the LUMOs of the rest of the metal ion complexes and lie on the metal ion and the p-orbitals of the coordinating oxygens of the ligand.
We now explore the entry of the first ligand molecule in terms of the interacting orbitals for the two extreme casesthe metal ion forming the most stable complex, Ni(II) and the one forming the least stable one, that is, Cd(II). The final geometries of the two complexes are also different, square planar for the former and tetrahedral for the latter. Ni 2+ has a triplet ( 3 4 ) ground state, and the first empty orbital is the 4s orbital. The HOMO of the kojate ion (Table 7) is a highenergy orbital consisting of the orbitals of the ring and the lone pairs of the two oxygens that coordinate with the metal ion. As the ligand orbitals approach the metal ion in the xy plane, the energy of the 2 − 2 orbital rises due to repulsion with the oxygen p orbitals, leading to pairing of the electrons in the other d orbitals. The ligand then donates electron density to the now empty 2 − 2 orbital, as seen from the participation of the metal in the HOMO of the nickel complex ( Table 7) . The nickel ion is no longer electron deficient, as can be seen from its absence in the LUMO, which comprises the ligand * orbitals. This agrees with the assumptions of the MO and VB theories, described in Section 3.1. We also note that the gap between the HOMO of the kojate ion (1.030 eV) and the LUMO of the Ni(II) complex is the least, signifying that further electron transfer from the former can take place on entry of the second ligand molecule.
In contrast, for the 10 Cd(II) system, the 4d orbitals are entirely occupied, and the vacant 5s orbital is at a higher energy. Hence, relatively less charge transfer from the ligand to the metal ion takes place, as seen from the negligible presence of the metal orbitals in the HOMO. The LUMO, thus, remains the 5s orbital of the metal ion, along with the orbitals of the coordinating oxygen atoms, which remain intact. This again agrees with the discussion in Section 3.1.
Conclusions
Our study of metal ion complexes of selected metal ions with kojic acid has shown that Ni(II) has the greatest affinity for kojate ion and Cd(II) the least. Amongst the divalent metal ions of the zinc triad, no relationship between the atomic Journal of Theoretical Chemistry 7 number and the complexation energy is found, Zn(II) forming the strongest complex and Cd(II) the weakest. For Ni(II), the complexation involves charge transfer from the ligand to the empty 2 − 2 orbital, leading to strong bonding. Even after one ligand molecule coordinates with the metal ion, Ni(II) still has the capacity to coordinate with another kojate ion by accepting more electron density. The other metal ions do not show any such tendency.
